The distribution of mitochondria within mature, differentiated neurons is clearly adapted to their regional physiological needs and can be perturbed under various pathological conditions, but the function of mitochondria in developing neurons has been less well studied. We have studied mitochondrial distribution within developing mouse cerebellar Purkinje cells and have found that active delivery of mitochondria into their dendrites is a prerequisite for proper dendritic outgrowth. Even when mitochondria in the Purkinje cell bodies are functioning normally, interrupting the transport of mitochondria into their dendrites severely disturbs dendritic growth. Additionally, we find that the growth of atrophic dendrites lacking mitochondria can be rescued by activating ATP-phosphocreatine exchange mediated by creatine kinase (CK). Conversely, inhibiting cytosolic CKs decreases dendritic ATP levels and also disrupts dendrite development. Mechanistically, this energy depletion appears to perturb normal actin dynamics and enhance the aggregation of cofilin within growing dendrites, reminiscent of what occurs in neurons overexpressing the dephosphorylated form of cofilin. These results suggest that local ATP synthesis by dendritic mitochondria and ATP-phosphocreatine exchange act synergistically to sustain the cytoskeletal dynamics necessary for dendritic development.
Introduction
The highly branched dendrites of vertebrate CNS neurons possess huge volumes and surface areas, compared with their cell bodies. These giant expansions arise during neural development, as dendrites grow and arborize extensively (Ulfhake and Kellerth, 1981) . Clearly, such a dramatic form of growth and differentiation must require robust and specific mechanisms for transporting organelles and proteins into growing dendrites, and for maintaining proper homeostatic control of their intracellular environment during growth (Ramírez and Couve, 2011; Ehlers, 2013) .
Mitochondria produce the majority of cellular energy, in the form of ATP, via aerobic metabolism. They also sequester cytosolic calcium and thereby regulate the calcium dynamics that control neuronal signaling and synaptic strength. Neuronal mitochondria change their shape dynamically by repeated fission and fusion events, and also undergo long-range, bidirectional transport along axons and dendrites (Saxton and Hollenback, 2012; Sheng and Cai, 2012) . Additionally, mitochondria are known to be strategically enriched at certain regions that have high activity and high energy demands, including synapses, nodes of Ranvier, and growth cones, by a mechanism involving calcium-binding protein Miro and microtubule motor-adaptor proteins TRAK1/2 (TRAK2 is also termed Grif-1; Guo et al., 2005; Hollenbeck and Saxton, 2005; Saotome et al., 2008; Macaskill et al., 2009a; Wang and Schwarz, 2009; Zhang et al., 2010) . Dysfunction of mitochondria is thought to contribute directly to the pathogenesis of certain neurodegenerative diseases (Chen and Chan, 2009; McInnes, 2013) . It has also been shown that proper targeting and anchoring of mitochondria is critical for outgrowth and branching of axons (Ruthel and Hollenbeck, 2003; Courchet et al., 2013; Tao et al., 2014) . In contrast, the significance of mitochondrial localization in dendrites is controversial. Mistargeting of mitochondria by manipulating their fusion/fission dynamics has been shown to inhibit dendrite morphogenesis and dendritic spine formation (Li et al., 2004; Chen et al., 2007; Ishihara et al., 2009 ). However, disturbance of this fusion/fission balance inevitably alters mitochondrial shape and metabolic activity, so it has been difficult to determine exactly how local mitochondrial function actually affects dendrite development. Indeed, a recent report has indicated that depletion of dendritic mitochondria by excess fusion enhances proximal the shRNA antisense sequence were ligated and cloned into pAAV-hH1 modified to express EGFP or tdTomato under a CAG promoter. pAAVhH1 expressing a scrambled shRNA (5Ј-GACTCGCTAGAGAACGT AGTA) was used as a negative control.
Adeno-associated virus preparation and primary neuron cultures. Adeno-associated viruses (AAVs; 10 9 -10 10 plaque-forming units) were made by using the AAV Purification ViraKit (Virapur) as described previously (Kaneko et al., 2011) . Primary culture of Purkinje cells was performed as previously described (Fujishima et al., 2012) . Purified AAVs were added into the medium at 0 DIV. For expression of Cofilin(WT), virus was added into the medium at 3 DIV. For primary cultures of hippocampal neurons, P0 mouse hippocampi were dissected and dissociated in plating medium [MEM supplemented with 10% horse serum (Invitrogen), 1 mM sodium pyruvate, 0.6% D-glucose, and 1% penicillin streptomycin] and plated on poly-D-lysine-coated coverslips at a density of 1.6 ϫ 10 5 cells/cm 2 . Three hours later, the medium was replaced by maintenance medium [Neurobasal (Invitrogen) supplemented with 0.5 mM L-glutamine (), B-27 supplement (Invitrogen), and 1% penicillin streptomycin]. Neurons were cultured at 37°C in 5% CO 2 . Neurons were transfected with plasmids at 3 DIV by using Lipofectamine 2000 (Invitrogen) .
Immunofluorescence. Detailed methods for immunostaining and confocal analyses of labeled Purkinje cells were described previously (Kaneko et al., 2011) . Primary and secondary antibodies used for immunofluorescence were as follows: rabbit anti-DsRed (Clontech); mouse antiCalbindin D28K (Swant); rabbit anti-myc-tag; chick anti-GFP (Millipore); goat anti-GABA A R ␤2 (N-19; Santa Cruz Biotechnology); goat anti-CK-B (N-20; Santa Cruz Biotechnology); mouse anti-CK-M (B-1; Santa Cruz Biotechnology); and Alexa 488-, Alexa 568-, or Alexa 647-conjugated anti-rabbit, anti-mouse, anti-goat, or anti-chick IgG (Invitrogen) .
Image acquisition and analysis. Confocal images were acquired using confocal microscopy (FV1000; Olympus) with a 40ϫ or 100ϫ objective (NA 0.95 or 1.40, respectively). Z-stack images were flattened into a single image by using ImageJ (NIH). For morphometric analysis, dendrites were traced by using Neurolucida software (MBF Bioscience). The area covered by dendrites was quantified by using ImageJ. For quantification of dendrite mito content (ratio of mitochondrial area to dendrite area), acquired images were binarized and area filled with Mito-EGFP/ DsRed signals and volume markers were quantified by using ImageJ.
Live-cell imaging. For long-term time-lapse imaging of developing dendrites, labeled Purkinje cells were observed by an incubator microscopy (LCV100; Olympus) with a 20ϫ objective (NA 0.7; Olympus) at 3 h intervals for 3 d. For visualization of mitochondria, cultured Purkinje cells infected with Mito-EGFP and tdTomato were imaged by using confocal microscopy (IX81; Olympus) with a 100ϫ objective (NA 1.35). Transport of mitochondria in dendrites was observed at 5 s intervals after the Mito-EGFP signals in a dendritic segment were photobleached for 10 s with 488 nm laser. Speed of motile mitochondria was quantified by using the manual tracing plugin of ImageJ.
For ATP imaging, Purkinje cells expressing ATeam were excited by a 458 laser and detected by two emission filters (475-520 nm for CFP and 515-615 nm for YFP) with 60ϫ objective (NA 1.40; Olympus). The YFP/CFP ratio was calculated by FV10-ASW (Olympus). Acquired z-stack images were flattened into a single image using a maximum projection. Shot noise was reduced using a median filter. For comparison of the ATP level along dendrites, the YFP/CFP ratio along a 1 pixel wide line near the midline of primary dendrites was scanned from the point 10 m inside the contour limit of the soma. The values were normalized to the YFP/CFP ratio at the soma. For the measurement of relative ATP levels in distal dendrites, the mean YFP/CFP ratio in distal-most 10 m long dendritic areas of 1 pixel width was normalized to the averaged YFP/CFP ratio in the soma. For quantification of time-dependent changes in ATP levels after drug treatments, the YFP/CFP ratio in dendritic areas at a point 10 m away from the soma was measured in time-lapse image series and analyzed using ImageJ.
Fluorescence recovery after photobleaching (FRAP) analysis was performed by using confocal microscopy (IX81; Olympus) with a 60ϫ objective (NA 1.40). Purkinje cells were infected with GFP-actin and subjected to FRAP analysis at 10 DIV. The peripheral actin networks in distal dendritic areas were bleached for 1 s with 488 nm laser. The recovery of GFP-actin was observed at 2 s intervals for 2 min. Recovery curves were calculated by using ImageJ and Excel.
For calcium imaging in Purkinje cells, cells were infected with virus carrying GCaMP3 and imaged at 10 DIV by using confocal microscopy (IX81; Olympus). For creating pAAV-CAG-GCaMP3, GCaMP3 cDNA derived from pCAG-play-GCaMP3 (gifted from Y. Tagawa) was amplified and inserted into pAAV-CAG vector. Cells were treated with 10 M DHPG (Tocris Bioscience) before the observation. Infected Purkinje cells were excited by 488 laser and calcium spikes were observed at 1 s intervals for 2 min. The percentage change of GCaMP3 fluorescence (⌬F/F 0 ) was quantified by using Excel.
AAV injection and in utero electroporation. AAV-Mito-EGFP and AAV-tdTomato were injected into the molecular layer of the cerebellum in P0 mice and analyzed at P14 as described previously (Kaneko et al., 2011) . In utero electroporation of plasmids was performed as described previously (Nishiyama et al., 2012) . Briefly, pregnant mice on day 12.5 of gestation were anesthetized by an intra-abdominal injection of somnopentyl (Kyoritsu). The plasmid DNA solution (1 g/l) purified using the Qiagen Plasmid Maxi Kit was injected by using an aspirator tube (Drummond) into the fourth ventricle of embryos. The positive electrode (CUY650P3; Nepa Gene) was placed on the anterior end of the fourth ventricle through the uterus. Five current pulses (amplitude, 33 V; duration, 30 ms; intervals, 970 ms) were delivered with a square-wave electroporation generator (CUY21; Nepa Gene).
Western blotting. HEK293T cells were transfected with shRNA constructs together with mDsRed-CK-B or mDsRed-CK-M. Twenty-four hours after the transfection, cells were lysed, electrophoresed, and blotted onto a nitrocellulose membrane (GE Healthcare). The membrane was blocked in PBST (0.2% Tween in PBS) containing 2% skim milk for 1 h and probed with primary and secondary antibodies either 1 h at room temperature (RT) or overnight at 4°C. HRP-labeled probes were detected by using ImmPACT DAB (Vector Laboratories). Antibodies used in this experiment were as follows: rabbit anti-DsRed (Clontech) and mouse anti-␤-actin (Sigma) for primary antibodies and mouse anti-HRP (Millipore) and rabbit anti-HRP (Invitrogen) for secondary antibodies.
Mitochondrial membrane potential. Measurement of mitochondrial membrane potential (⌬⌿ m ) was performed as previously described (Chazotte, 2011) . Briefly, HEK293T cells cultured in DMEM containing 10% FBS (Invitrogen) were transfected with ECFP, ECFP-TRAK2⌬N, or T20-ECFP-GM130
Cterm by Lipofectamine 2000 (Invitrogen). Cells were treated with the labeling medium containing 600 nM TMRE (Invitrogen) for 20 min at 37°C and then with a new medium containing 150 nm TMRE for dye equilibration. Cells were excited by a 515 nm laser and detected at 530 -630 nm. TMRE fluorescence in mitochondrial regions, relative to that in cytoplasmic regions, was averaged in each cell. Image analysis was processed by ImageJ and Excel.
Electron microscopy. HEK293T cells expressing EGFP or T20-GFP-GM130
Cterm were cultured on Aclar coverslips (Nisshin EM) and chemically fixed with 2% glutaraldehyde in NaHCa buffer (100 mM NaCl and 30 mM HEPES buffer, pH 7.4, with 2 mM CaCl 2 at RT, for 2-24 h). Then they were postfixed with 0.25% OsO 4 and 0.25% K 4 Fe(CN) 6 mixed together in cacodylate buffer, pH 7 (100 mM, with 2 mM CaCl 2 at RT for 30 min), and finally poststained by brief treatment with 1% tannic acid in the same cacodylate buffer, followed immediately by 1% uranyl acetate in 50 mM acetate buffer, pH 5.2. Thereafter, they were dehydrated in a graded series of ethanols, passed briefly through propylene oxide, and embedded in Araldite 502 epoxy resin (Polysciences). After polymerization at 65°C for 2 d, 70 nm thin sections were cut with a diamond knife in an ultramicrotome (Leica FC6), mounted on Formvar carbon-coated EM grids, stained for 5 min with Reynolds lead citrate, and finally observed at 80 KV with a conventional TEM (JEOL JEM1400).
Statistical analysis. Data were analyzed by Student's t test by Excel for single comparisons and by ANOVA with Tukey's HSD post hoc analysis by R, free statistical software for multiple comparisons.
Results
Rapid transport and distribution of mitochondria in growing dendrites of the cerebellar Purkinje cell Toanalyzemitochondrialdistributioningrowingdendrites,weinfected developing Purkinje cells with the AAV vector carrying Mito-EGFP (AAV-CAG-Mito-EGFP; EGFP fused to mitochondria-targeting sequence of cytochrome c oxidase; Rizzuto et al., 1995; Li et al., 2004) , together with a volume marker AAV-CAG-tdTomato (Fujishima et al., 2012) . Consistent with previous reports (Altman and Bayer, 1995; Chen et al., 2007) , we found that mitochondria were distributed throughout the large dendritic arbors of Purkinje cells, both in intact cerebella as well as in culture (Fig.  1 A, B) . Moreover, in contrast to their relatively sparse and random-looking distribution in hippocampal neurons ( Fig. 1C ; Li et al., 2004) , the labeled mitochondria in Purkinje cell dendrites were clearly more abundant, and appeared to accumulate especially in their broader aspects, including at their branch points.
We next sought to observe the dynamics of mitochondria in growing Purkinje cell dendrites, using time-lapse imaging. Cultured Purkinje cells infected with AAV-CAG-Mito-EGFP and AAV-CAG-tdTomato were monitored at 3 h intervals starting at 8 DIV, the time when dendrites generally initiate their extension (Fujishima et al., 2012) . Indeed, we observed that mitochondria are actively delivered in these growing dendrites, and clearly tend to cluster along their emerging tracts and branches. Newly formed branches became populated with mitochondria within 6 h after bifurcating from the dendritic shaft (Fig. 1D) . Most of these mitochondria appeared to be tubular in shape (averaging 2.8 Ϯ 0.8 m in length and Ͻ1 m in diameter) and, consequently, they invariably oriented longitudinally along the shafts (Fig. 1E) . Consistent with previous electron microscopic observations, mitochondrial transport into the most rapidly growing dendrites did not extend into their actual tips; it lagged behind by ϳ5-10 m (Altman and Bayer, 1995) . These observations on the distribution and architecture of dendritic mitochondria labeled with Mito-EGFP fit well with the results of previous papers (Li et al., 2004) .
To further monitor the motility of individual mitochondria, we performed FRAP analysis on Purkinje cell dendrites. This demonstrated that mitochondria moved along the dendritic shaft at an average speed of 0.25 Ϯ 0.05 m/s. Additionally, it showed that mitochondria moved fastest along the dendritic shafts, while they slowed at branch points and broader regions where the Mito-EGFP signal was strongest in fixed preparations, suggesting that mitochondria are at least transiently anchored at these sites (Fig. 1 F, G) . We never observed apparent fusion of labeled mitochondria at these branch points (data not shown).
Trafficking of mitochondria into dendrites is necessary for normal dendritic outgrowth
To determine the functional significance of this enrichment of mitochondria in dendrites, we next explored the effects of treating Purkinje cultures with constructs that should perturb mitochondrial transport and abolish this enrichment. To this end, we first determined the effect of expressing a dominant-negative form of TRAK2 (TRAK2⌬N, which is TRAK2 deleted of its N-terminal kinesin-and Hrs-binding domains). It has been shown previously that TRAK2 is the major player in dendritic transport of mitochondria and that its deletion mutant lacking the motor binding domain blocks the transport of mitochondria into dendrites (MacAskill et al., 2009b; van Spronsen et al., 2013) . We confirmed in our Purkinje cultures that expressing TRAK2⌬N decreased the abundance of mitochondria in dendrites, without reducing the mitochondria in axons to any obvious extent ( Fig. 2A-AЉ ,B-BЉ,D). Commensurately, TRAK2⌬N-expression also led to a marked decrease in dendritic outgrowth in Purkinje cells (Fig. 2E,F) . However, overexpression of TRAK2⌬N decreased mitochondrial membrane potential ⌬⌿ m as measured by the potential-sensitive fluorescent dye TMRM, indicating that their electrontransport activity was impaired to some extent (Fig. 2G) . Still, this effect must have been minor, as it had no obvious effect on the overall viability of our Purkinje cell cultures (data not shown).
To gather more evidence that the dendrite outgrowth defect in TRAK2⌬N-expressing cells was caused specifically by the loss of dendritic mitochondria, we next examined a chimeric construct of the N-terminal domain of the mitochondrial outer membrane protein TOM20 conjugated with EGFP and the GRASP65-binding domain of GM130 (socalled T20-GFP-GM130 Cterm ). We also constructed T20-mCherry-GM130 Cterm , which was conjugated with mCherry instead of EGFP for multicolor imaging of various combinations. Overexpression of T20-GFP-GM130
Cterm has been shown to cross-bridge mitochondria in the perinuclear regions of cells, apparently without affecting their fusion/fission dynamics (Sengupta et al., 2009) . We observed in the HEK293 cells that the expression of T20-GFP-GM130
Cterm induced clustering of mitochondria in and around their cell centers (Fig. 2H ) . By electron microscopy, the individual mitochondria in these clusters looked normal in size and morphology, plus they maintained their normal membrane potential ⌬⌿ m , which were important indications that the clustering caused by the T20-GFP-GM130 Cterm construct does not alter mitochondrial function (Fig. 2G) .
When we expressed T20-GFP-GM130
Cterm in cultured Purkinje cells, we found that mitochondria also became clustered in their somata at the ex- pense of dendritic localization (Fig. 2CЈ) . That is, the mitochondrial content of dendrites in these cells was significantly decreased, as calculated by the ratio of cumulative mitochondria area over total dendritic area (Fig. 2D ). In contrast, there was no apparent change in mitochondrial distribution in the axons of these Purkinje cells, probably because the AAV-driven gene expression system we used had a relatively late onset (ϳ6 DIV, somewhat after axon formation is completed in Purkinje cells; compare Fig. 2CЉ ). Importantly, we found that this expression of T20-GFP-GM130
Cterm affected dendritic outgrowth quite severely (Fig. 2C,E) . Sholl analysis revealed that the extension of distal branches was strongly suppressed, although proximal dendrites appeared to remain rather unaffected (Fig. 2F ). There was no apparent effect on overall cell survival, at least until 15 DIV (data not shown).
Finally, we confirmed that expression of T20-GFP-GM130
Cterm in vivo, during development, inhibited dendritic localization of mitochondria and retarded dendrite arborization in native Purkinje cells, just as in cultured cells (Fig. 3A,B) . In addition, expressing T20-myc-GM130
Cterm also disrupts dendrite development in hippocampal pyramidal neurons (Fig. 3C-F) .
Specificity of molecular manipulations of mitochondrial localization
In addition to mitochondrial transport, TRAK2 has been implicated in trafficking of other cargoes including potassium channel Kir2.1 (Grishin et al., 2006) , ␤2 subunit of GABA A receptor (Beck et al., 2002) , and endosomes (Webber et al., 2008) . It is thus possible that the dendritic atrophy caused by TRAK2⌬N overexpression might be mediated by a change in the distribution of these cargoes rather than a change in mitochondrial distribution. We therefore performed immunofluorescence with anti-Kir2.1 and anti-␤2-subunit of GABA A receptor. Consistent with previous reports (Prüss et al., 2005 ; Allen Brain Atlas at http://developingmouse.brain-map.org), Kir2.1 was expressed very weakly in both control and TRAK2⌬N-expressing Purkinje cells, precluding the possible effect of its subcellular localization in dendrite morphology (data not shown). The ␤2-subunit of GABA A receptor was expressed primarily in the soma of Purkinje cells in agreement with previous reports (Kelley et al., 2013) . The overexpression of TRAK2⌬N did not induce significant changes in its subcellular localization, possibly due to the compensation by endogenous TRAK1 ( Fig. 4A ; Gilbert et al., 2006) . We next examined the distribution of early endosomes by introducing EGFP-Rab5a in Purkinje cells with or without TRAK2⌬N expression. While dendritic distribution of mitochondria was markedly reduced by TRAK2⌬N expression (Fig. 4B) , Rab5a-positive endosomes were similarly localized in distal tips of growing dendrites in control and TRAK2⌬N-expressing Purkinje cells (Fig. 4C ). Furthermore, we tested whether disruption of endosome-lysosome trafficking by overexpression of hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs) would induce dendritic defects similar to TRAK2⌬N overexpression. TRAK2s have been shown to bind to Hrs in early endosomes, where they regulate endosome-lysosome trafficking (Webber et al., 2008) . Overexpression of Hrs, however, induced cell death of Purkinje cells before dendritogenesis was initiated, which was never seen by TRAK2⌬N overexpression (data not shown). These results suggest that the observed defects in dendritic morphogenesis in TRAK2⌬N-expressing Purkinje cells are not caused by altered distribution of these other TRAK2 cargoes.
It is also possible that the overexpression of T20-GFP-GM130
Cterm sequesters endogenous GRASP65 and disrupts the distribution and function of the Golgi apparatus. To address this, we analyzed the effect of overexpression of mCherry-GM130 Cterm , which lacked the mitochondrial targeting sequence but was otherwise identical to T20-mCherry-GM130
Cterm . We also constructed a modified version of mCherry-GM130 Cterm specifying targeting to the peroxisomal membrane instead of mitochondria (PEX-mCherry-GM130 Cterm ). Overexpression of these GM130
Cterm constructs occasionally induced dissociation of the Golgi (Fig. 4D) . Nonetheless, we observed no significant effects on mitochondrial distribution and dendritic development of these Purkinje cells (Fig. 4E-G) . Thus, the dendritic defects in T20-GFP-GM130
Cterm -expressing cells are unlikely caused by possible dysfunction and/or mislocalization of the Golgi.
Together, these results strongly suggest that dendritic localization of mitochondria is indispensable for dendrite outgrowth in developing neurons. We mainly used T20-GFP-GM130
Cterm to block mitochondrial transport in the next series of experiments.
Enhanced ATP synthesis restores dendrite outgrowth in the absence of dendritic mitochondria ATP production and calcium homeostasis are the major physiological functions of mitochondria. Previous studies have suggested that mitochondrial sequestering of excessive calcium influx into dendrites may be critical for their proper growth and extension (Dickey and Strack, 2011). To determine whether calcium dysregulation contributes to the defects we observed in dendrite morphogenesis, we next examined the effect of calcium chelation on neurons expressing T20-GFP-GM130
Cterm . Specifically, we treated cultured Purkinje cells expressing T20-GFP-GM130
Cterm with 10 M BAPTA-AM, but we could not demonstrate that this rescued their hypoplastic dendrites to any significant extent (Fig. 5 A, B) . Nor could we rescue the hypoplastic phenotypes by completely inhibiting their voltage-gated calcium channels (their L-, P/Q-, N-, and T-types), which we accomplished by applying a mixture of nifedipine, -agatoxin, -conotoxin, and mibefradil (Fig. 5A) . Finally, we also could not rescue the hypoplastic phenotype of Purkinje cells expressing T20-GFP-GM130
Cterm by inhibiting calcium release from their intracellular pools, by blocking their ryanodine receptors and IP3 receptors (Fig. 5A) . None of these treatments affected dendrite morphogenesis of control Purkinje cells (Fig. 5A) . These results diminish the likelihood that the observed inhibition of dendritic outgrowth can be attributed simply to a loss of the calcium buffering activity of dendritic mitochondria.
We next sought to determine whether ATP deficiency could be responsible for the observed attenuation of outgrowth of dendrites with diminished mitochondria. To this end, we treated the affected neurons with high concentrations of creatine (Cr), which is known to increase ATP levels in a variety of cells, including neurons (Walsh et al., 2001; Li et al., 2004) . Cr is converted to PCr by creatine kinase (CK), which is transported to distant sites as a diffusive, nonconsumable intermediate of high-energy triphosphate for generation of ATP at the site of high ADP levels (Wallimann et al., 2011) . Cr supplementation (20 mM) markedly rescued the defective dendrites, with no apparent effect on mitochondrial localization in neurons expressing either TRAK2⌬N or T20-GFP-GM130 Cterm (Fig. 5C-H ) . Dendrites developed long, well branched arbors comparable to those of wild-type neurons, even in the relative absence of dendritic mitochondria (Fig. 5 I, J ) . On the other hand, Cr supplementation did not affect dendrite outgrowth in control Purkinje cells that had a normal distribution of dendritic mitochondria. Conversely, cultured Purkinje cells treated with the Cr analog cyclocreatine (5 mM) exhibited defects in dendrite outgrowth that was phenotypically similar to those of TRAK2⌬N-or T20-GFP-GM130
Cterm -expressing cells (Fig. 5 K, L) . Cyclocreatine is readily phosphorylated to phosphocyclocreatine by CK activity, but it is a poor phosphate donor and specifically reduces ATP concentration (Boehm et al., 1996) .
These results substantiate the view that ATP generation by dendritic mitochondria may be critical for the normal growth of Purkinje cell dendrites, and add the important qualification that the CK/PCr-system may also play an important corollary role in ATP metabolism in growing Purkinje dendrites.
Further evidence that creatine kinases help to regulate normal dendritic outgrowth in Purkinje cells
Mitochondrially generated ATP are exported to cytoplasm either directly or after being transphosphorylated into Cr by mitochondrial CK. PCr is then used for ATP regeneration by cytosolic CK at energy-consuming sites (Andres et al., 2008; Wallimann et al., 2011) . Purkinje cell dendrites are thought to express the ubiquitous mitochondrial CK (so-called umtCK), plus two isoforms of cytosolic CKs (brain-type CK (B-CK) and muscle-type CK (M-CK); Tachikawa et al., 2004; Jost et al., 2002; Kaldis et al., 1996 ; Allen Brain Atlas: http://developingmouse.brain-map.org). To confirm this, we found expression of both B-CK and M-CK in Purkinje cell dendrites (data not shown).
Then, to further show that CK activity is required for dendrite outgrowth, we treated our cultured Purkinje cells with the cellpermeant CK inhibitor FDNB (Buechter et al., 1992) . Indeed, we found that treatment with 5 MFDNB significantly interfered with dendrite extension (Fig. 6A,B ), though it also had a slight but significant effect on overall cell viability in these cultures (data not shown). Mitochondrial distribution in dendrites appeared normal in these cells (Fig.  6A) . Next, to determine whether glycolysis should also be implicated in ATP production in developing dendrites, we treated our Purkinje cell cultures with the glycolysis inhibitor 2-DG (at 10 mM). This had little or no effect on dendrite development and dendritic distribution of mitochondria (Fig. 6A,B) , consistent with the fact that we observe very little glycogen in these dendrites by electron microscopy (data not shown).
We further validated the importance of CK activity for dendrite outgrowth by inhibiting cytosolic CK activity via shRNAmediated knockdown. To do this, we first demonstrated the efficacy of this shRNA in reducing CK-B or CK-M in HEK293 cells, by directly analyzing protein levels of the respective CK subtypes in these cells, and then did the same in our Purkinje cells after infecting them with AAV constructs that express EGFP and shRNA (Fig. 6C,D) . Specifically, we found that Purkinje cells infected with AAVs carrying either CK-B shRNA or CK-M shRNA showed a marked decrease in dendritic branch number with no obvious change in the distribution of dendritic mitochondria (Fig. 6 E, F ) . Interestingly, CK-M shRNA also reduced dendritic length, while CK-B shRNA seemed to have no significant effect on total dendritic length (Fig.  6G) . As a control, we next confirmed that concomitant expression of shRNAresistant mutants of CK (CK-B R and CK-M R ) largely prevented the effect of expressing these shRNAs (Fig. 6 F, G) . In contrast to the pharmacological treatment with FDNB, above, we found that even simultaneous knockdown of CK-B and CK-M, which strongly prevented dendrite outgrowth, had no apparent effect on overall cell survival (data not shown). Finally, we also sought to determine whether CK-M and CK-B are required for dendritic outgrowth in vivo. To this end, we delivered these shRNA constructs directly into the cerebellum of E12.5 mice, via electroporation in utero. Indeed, Purkinje cells expressing CK-B shRNA or CK-M shRNA in these animals showed marked defects in dendritic development (Fig. 6 H, I ).
These data indicate that the CK/PCr system (but not glycolysis) functions as an important support mechanism for ATP transport and supply in growing dendrites.
Maintenance of ATP concentration in dendrites requires both dendritic mitochondria and CK activity
To verify that the observed dendritic localization of mitochondria is indeed required to maintain the local supply of ATP in growing dendrites, we next directly monitored ATP levels in neurons that were or were not depleted of dendritic mitochondria. To do this, we infected Purkinje cells with an AAV construct carrying the ATP-biosensor ATeam (AAV-CAGATeam), along with (or without) AAV-T20-mCherry-GM130 Cterm . Purkinje cells without T20-mCherry-GM130 Cterm , which again showed a normal complement of dendritic mitochondria, contained high ATP levels,bothintheirgrowingdendritesandintheir cell bodies. In contrast, ATP levels were high in the somata but sharply declined in the atrophic distal dendrites of T20-mCherry-GM130 Cterm -expressing cells (Fig. 7A-C) . We next sought to determine directly that CK activity is required for the normal maintenance of ATP levels in growing dendrites. As a reference, we confirmed that oxidative stress by treatment with 5 mM sodium azide induced a rapid drop of ATP levels throughout the entire Purkinje cell (Fig. 7D) . Direct inhibition of CK activity by FDNB treatment also induced a rapid decline in ATP levels throughout these cells, indicating that the CK/PCr system prevents rapid ATP consumption in neurons (Fig. 7 E, F ) . These results further support the view that both dendritic mitochondria and CK activity (but again, not glycolysis) are needed to maintain proper ATP levels for growing dendrites. Cterm were monitored for cytoplasmic ATP levels at 10 DIV. Each part shows representative image of fluorescence (left) and YFP/CFP ratio (right). Warmer colors represent higher ATP levels. B, Averaged line scans of YFP/CFP ratio along dendrites from the soma in control (black) and T20-mCherry-GM130
Cterm -expressing (red) Purkinje cells. The YFP/CFP ratio was normalized to the somal YFP/CFP ratio. C, Quantification of ATP levels in distal dendrites relative to the soma in control and T20-mCherry-GM130
Cterm -expressing Purkinje cells. Data represent means Ϯ SEM, ***p Ͻ 0.001, Student's t test, control, n Ն 19 cells from three independent experiments. D, E, Dynamic changes in cytoplasmic ATP levels in Purkinje cells after inhibition of oxidative phosphorylation (D) or CK activity (E). Then 5 mM sodium azide or 10 M FDNB was added at time 0 min and monitored at 3 min intervals. Error bars represent SEM, n ϭ 4 for each data points. F, Confocal images of fluorescence (top) and the pseudocolored YFP/CFP emission ratio (bottom) of a Purkinje cell before and at 0, 6, and 12 min after the addition of FDNB. Scale bars: 10 m.
Altered actin dynamics and abnormal ADF/cofilin activation in mitochondria-depleted dendrites
We next sought to determine what molecular mechanism(s) actually underlies the observed retardation of growth of dendrites that lack sufficient local energy supplies. We considered that ATP regulates many phosphorylation reactions and supports a variety of dendritic functions, including the maintenance of ionic homeostasis via support of the Na ϩ -K ϩ -ATPase and other membrane pumps that maintain membrane potential, as well as supporting the assembly and dynamics of the actin cytoskeleton (Attwell and Laughlin, 2001) . We focused on the latter possibility, since actin dynamics are very active in dendrites and are likely to be essential for dendritic growth and arborization. To observe F-actin, we used confocal microscopy to visualize Purkinje cells labeled with Lifeact-EGFP. It was clear that actin filaments are strikingly more abundant and more dynamic in distal dendrites than they are in the somata in normal Purkinje cells (Fig. 8A) . In contrast, confocal recordings of neurons depleted of dendritic mitochondria by expression of T20-GFP-GM130
Cterm showed more irregular deposits of F-actin in their dendrites, but seemingly more abundant labeling of their somata (Fig. 8B ).
Seeing such irregular deposits of disordered filaments in neurons expressing T20-GFP-GM130
Cterm strongly suggested that they have some defects in actin turnover. To substantiate this, we next performed FRAP, which revealed a significant delay in the restoration of GFP-actin signals in the peripheral actin networks of distal dendrites in T20-GFP-GM130
Cterm -expressing neurons, compared with controls (Fig. 8C,D) . Finally, we directly monitored and recorded actin dynamics in neurons that were treated with CK inhibitor cyclocreatine, and found that recovery of actin in dendritic tips was markedly downregulated (Fig. 8C,D) . Thus, actin dynamics were slowed and perturbed in growing dendrites deficient in local mitochondria or local CK activity.
One known consequence of ATP deficiency in mature neurons is the dysregulation of actin depolymerizing factor (ADF) family proteins, which leads to the formation of abnormal actincontaining inclusions called "rods" in dendrites and axons (Minamide et al., 2000) . Indeed, severe reduction in ATP levels can cause massive increases in the concentration of dephosphorylated (e.g., activated) ADF family proteins, and these can form relatively massive cofilin-G-actin complexes that can severely attenuate actin turnover (Huang et al., 2008; van Rheenen et al., 2009). With these reports in mind, we therefore sought to determine the distribution of cofilin-known to be a major ADF family protein in neurons (Minamide et al., 2000) -in atrophic dendrites with low ATP levels. To do this, we expressed fulllength cofilin conjugated to mCherry (AAV-Cofilin-mCherry) in cultured Purkinje cultures. This conjugate distributed diffusely throughout the cytoplasm of control Purkinje cells, but formed numerous aggregates, in dendrites as well as axons, in cultures we depleted of ATP by oxidative stress (Fig. 9 A, B) . These aggregates did not exactly overlap with the phalloidin stains for actin, but appeared to be closely juxtaposed to the actin, consistent with the fact that ADF/cofilin and phalloidin competitively bind to the same domain in actin (McGough et al., 1997) . We found that in Purkinje cells expressing T20-GFP-GM130 Cterm , cofilin also formed short rod-like aggregates in their growth-retarded dendrites-aggregates that we never observed in control Purkinje cells (Fig. 9C,D) . Likewise, we observed similar rod-like aggregates in the dendrites of cyclocreatine-treated neurons (Fig.  9C,D) .These observations support the notion that ADF/cofilin is prone to form actin-containing inclusions in developing dendrites that are deficient in mitochondria and/or CK activity. We next assessed the causality of the formation of cofilin aggregates and ATP deficiency in the neurons deprived of dendritic mitochondria. We found that enhanced ATP synthesis by Cr treatment significantly reduced the formation of cofilin rods as it rescued dendritic growth in Purkinje cells expressing T20-GFP-GM130 Cterm (Fig. 9 E, F ). To gather further evidence for a link between perturbation of dendritic outgrowth and this disturbance of ADF/cofilin activity, we next introduced a dephospho-mimic mutant of cofilin (Cofilin-S3A) into Purkinje cells. Expression of this construct was sufficient to form rod-like aggregates in the Purkinje cell dendrites, confirming that the rods consisted of dephosphorylated cofilin (Fig. 10A) . On the other hand, expressing a phosphomimic (or inactive) mutant of cofilin (Cofilin-S3E) did not form such aggregates. Instead, it distributed diffusely within the dendrites, like normal cofilin (Fig. 10A) . Commensurately, Purkinje cells expressing Cofilin-S3A extended significantly smaller dendritic arbors, reminiscent of neurons expressing T20-GFP-GM130 Cterm (Fig. 10B-D) , while cells expressing Cofilin-S3E showed no significant defects in dendritic outgrowth. Finally, additional FRAP analyses revealed that actin dynamics were slowed in the distal dendrites of Cofilin-S3A-expressing neurons (Fig. 10E) .These results suggest that the retardation we observe in the growth of dendrites depleted of mitochondria and/or CK activity can indeed be attributed, at least in part, to abnormal ADF/cofilin function with resultant abnormalities in actin dynamics, most probably due to the concomitant depletion of ATP.
Discussion
The complex geometry of dendrites critically controls the elaborate chemical and electrical signaling of neurons, by allowing complex and independent information-processing events to occur within individual, spatially distinct dendritic compartments (London and Häusser, 2005) . This complex geometry also restricts the diffusion of chemical signals within dendrites, and necessitates a complex organization of all the organelles and other cellular machines that regulate those chemical signals within different dendritic subdomains. Our present results indicate that neurons acquire an elaborate mechanism for the supply and maintenance of ATP in expanding dendritic branches by synergistic action of mitochondria, CK, and actin dynamics.
To determine exactly how local mitochondrial function actually affects dendrite development, we sought experimental manipulations that selectively alter mitochondrial distribution, but minimally effect mitochondrial shape or function. Among the several molecular manipulations we examined, the most successful was the tethering of mitochondria to each other, which clamped them in somata and prevented their efficient movement into growing dendrites, without exerting any obvious effects on the shapes or membrane potentials of individual mitochondria. This means of preventing mitochondrial movement into dendrites severely retarded dendrite extension both in vitro and in vivo, permitting us to conclude that local mitochondrial function is indeed necessary for dendrite development.
We considered ATP and calcium to be the two most likely candidates for what dendritic mitochondria might be controlling on a local scale, within specific regions of growing dendrites. However, nothing in our data supported the involvement of local calcium buffering by dendritic mitochondria as being a primary mechanism of controlling dendrite outgrowth. Indeed, current thinking is that mitochondria do not play a major role in calcium clearance in mature Purkinje cell dendrites, either (Ivannikov et al., 2010) . In contrast, we found that enhanced ATP synthesis by Cr supplementation dramatically restored dendritic outgrowth in our cultures, even in the absence of dendritic mitochondria. This led us to garner several other lines of evidence to support the view that the main role of dendritic mitochondria is to maintain the ATP levels required for dendritic growth and arborization.
We found that mitochondria were unevenly distributed within the dendrites, and few mitochondria were localized in the growing dendritic tips and some interbranch segments. It is known that ATP can be quickly consumed after it emerges from synthetic sources like mitochondria, and thus can display sharp concentration gradients within cells that consume ATP rapidly, like muscle cells and nerve cells with high ion-pumping activity (Shin et al., 2007; Okawa et al., 2008) . Developing Purkinje cell dendrites express high levels of ATP-dependent ion pumps including Na/K-ATPases and plasma membrane Ca 2ϩ ATPases (Biser et al., 2000; Marcos et al., 2009 ). In addition, molecular diffusion is markedly slowed in Purkinje dendrites covered with many spines (Santamaria et al., 2006) . The biased and inhomogeneous distribution of mitochondria likely means that ATP availability is not equal throughout the large volume of Purkinje cell dendrites. So the critical question becomes: Where else may they be getting ATP from? Glycolysis is inefficient at producing ATP, compared with mitochondria, yet it is considered by many to be the major alternative energy source in dendrites remote from the neuronal soma (Wakade et al., 1985; Bernstein et al., 2006; Ivannikov et al., 2010) . Indeed, recent studies have demonstrated that glycolysis can provide enough ATP to support constitutive neuronal activities such as ion pumping and axonal vesicle trafficking, at least in small-caliber processes that have a very limited supply of mitochondria (Shin et al., 2007; Zala et al., 2013) . However, we were unable to demonstrate that glycolysis contributed significantly to dendrite outgrowth in our Purkinje cells. Instead, our results indicated that the PCr shuttle was much more important for maintaining ATP levels in growing dendrites. Importantly, treatment with the CK inhibiter FDNB caused a rapid drop of ATP levels in cultured Purkinje cells, and a variety of other molecular and pharmacological approaches to inhibiting CK activity significantly retarded dendrite extension.
The CK/PCr shuttle system has been shown to be an important buffer of ATP in a variety of cells that have highly polarized shapes and greatly fluctuating energy demands (Wallimann and Hemmer, 1994; Shin et al., 2007; Andres et al., 2008; Linton et al., 2010) . Moreover, it has been shown that Cr supplementation can protect against dendritic degeneration in mature neurons under certain ATP-deficient conditions (Brewer and Wallimann, 2000) . The results presented here add a new dimension to the function of the CK/PCr shuttle system in energy homeostasis in developing neurons by preventing rapid ATP consumption in dendrites and allocating savings to further extension of dendrites. However, they do not agree with earlier studies that claimed a double deficiency of both CK-B and umtCK (the two major CK isoforms in the brain) caused no overt changes in cortical development (in 't Zandt et al., 2004; Streijger et al., 2005) . We can only reconcile these disparate data by assuming that in those previous studies there must have been some sort of compensatory increase in ATP production, presumably by mitochondria and/or glycolysis, when CK activity was chronically downregulated during the whole of embryonic development. Indeed, such long-term adaptive changes in metabolic capacity have been shown to occur in the brains and muscles of animals genetically deficient in CK activities (Steeghs et al., 1995 (Steeghs et al., , 1998 Veksler et al., 1995; Kuiper et al., 2008) . So we are confident in concluding that in our system, the CK/PCr shuttle system is indeed necessary to support the development of Purkinje cell dendrites.
Previous studies have demonstrated that inhibition of actin turnover under anoxic condition in chick ciliary neurons attenuates ATP depletion by nearly 50% (Bernstein and Bamburg, 2003) , implying that another major pathway of ATP consumption within growing dendrites may be their ATP-mediated actin polymerization and depolymerization. Consistently, we found that actin turnover was significantly slowed in growth-retarded dendrites that lacked mitochondria or CK activity. Our results support the notion that cofilin dephosphorylation contributes, at least to some extent, to the inhibition of actin turnover and dendrite extension we see in developing neurons lacking a proper ATP supply. A previous finding indicated that the rod formation is reversibly regulated by immediate ATP levels (Bernstein et al., 2006) . This supports the notion that the transient cofilin aggregates may prevent rapid ATP loss by slowing of actin dynamics and dendrite extension at the sites of ATP deficiency, and thus contribute to energy homeostasis in developing neurons with increasing cellular volume.
Of course, mitochondrial ATP production also supports many other important cellular processes that are likely to be important for dendritic outgrowth, including microtubule-based intracellular transport, membrane endocytosis/exocytosis, and a host of phosphorylation reactions on many intracellular kinases. In addition, even though we garnered no evidence for it here, it is still quite probable that calcium buffering by local mitochondria must influence dendrite growth and branching. Calcium buffering by dendritic mitochondria has been implicated in other aspects of dendritic development in cortical and hippocampal neurons (Dickey and Strack, 2011; Kimura and Murakami, 2014) . Further studies are needed to elucidate all of these, and possibly other relevant mechanisms, by which local mitochondria can regulate dendritic development.
